To compare the actions of clothianidin, a neonicotinoid acting on insect nicotinic acetylcholine receptors, and related compounds with that of imidacloprid, the compounds were tested on the Drosophila SAD-chicken 2 nicotinic acetylcholine receptor expressed in Xenopus laevis oocytes using two-electrode voltage-clamp electrophysiology. The maximum response of the SAD2 nicotinic receptor to clothianidin was larger than that observed for acetylcholine. Ring breakage of the imidazolidine ring of imidacloprid resulting in the generation of a guanidine group was critical for this super agonist action.
Imidacloprid (IMI, Fig. 1 a) , the insecticide with the fastest growing sales worldwide, acts selectively on nicotinic acetylcholine receptors (nAChRs) of insects as a partial agonist. 1) IMI exerts outstanding control for a number of insect pests due to its systemic distribution in crop plants. There are many cases where IMI has replaced conventional insecticides such as organophosphates and synthetic pyrethroids.
2) Following the discovery of IMI, a variety of IMI-related insecticides have been synthesized. Within this ''neonicotinoid'' family, clothianidin (CTD, Fig. 1 a) is unique in possessing thiazole and methylguanidine moieties, neither of which are present in IMI. In addition, CTD has been shown to exhibit higher insecticidal activity than IMI, against not only sucking insects, but also chewing insects.
3) CTD, like IMI, acts on nAChRs in the nervous system of insects.
4) It is hence conceivable that the mode of action of CTD on nAChRs may differ from that of IMI.
An evaluation of the agonist action of CTD using recombinant nAChRs of known subunit composition facilitates an understanding of its target site interactions. Vertebrate muscle and neuronal nAChR subunits form functional nAChRs when expressed in appropriate combinations in Xenopus laevis oocytes. In contrast, it is difficult to express, in either Xenopus oocytes or Drosophila S2 cell lines, robust nAChRs using only insect subunits. 5, 6) Nevertheless, it has been shown that Drosophila nAChR subunits are capable of forming functional nicotinic receptors when co-expressed with a vertebrate 2 (non-) subunit in Xenopus oocytes. 7) Of the hybrid receptors, the Drosophila SAD-chicken 2 hybrid nAChR has been found to be highly sensitive to the agonist actions of IMI 8) and related neonicotinoids.
9)
We have therefore examined the actions of CTD and related compounds (Fig. 1 a) on the SAD2 hybrid recombinant nAChR using two-electrode voltage-clamp electrophysiology. Here we show that CTD and its analogues, unlike IMI, had greater efficacy than ACh on the SAD2 hybrid nAChR, and that breaking the imidazolidine ring of IMI played the most important role in such ''super agonist'' action. Nuclei of defolliculated Xenopus oocytes were injected with cDNAs encoding Drosophila SAD and chicken nicotinic 2 subunits and then the oocytes were incubated at 16 C in standard oocyte saline (SOS) supplemented with penicillin (100 units ml À1 ), streptomycin (100 g ml À1 ), gentamycin (20 g ml À1 ) and sodium pyruvate (2.5 mM) as described previously. 9) Electrophysiology was performed 3-6 days after the nuclear injection. Xenopus oocytes were superfused (10 ml min À1 ) at room temperature (20-25 C) with SOS containing 0.5 M atropine as described previously. 8, 9) The membrane current was recorded by the twoelectrode voltage-clamp method with the oocyte memy To whom correspondence should be addressed. Fax: +81-742-43-1445; E-mail: kmatsuda@nara.kindai.ac.jp Abbreviations: ACh, acetylcholine; CH-IMI, nitromethylene analogue of imidacloprid; CTD, clothianidin; DMSO, dimethyl sulfoxide; EC 50 , concentration giving half the maximum normalized response; I max , maximum normalized response; IMI, imidacloprid; nAChR, nicotinic acetylcholine receptor; P-CH-CTD, pyridine and nitromethylene analogue of clothianidin; P-CTD, pyridine analogue of clothianidin; SOS, standard oocyte saline; TH-CH-IMI, thiazole and nitromethylene analogue of imidacloprid; TH-IMI, thiazole analogue of imidacloprid brane clamped at À100 mV.
To prepare test solutions, a dimethyl sulfoxide (DMSO) stock solution of each ligand except for ACh was diluted with SOS containing 0.5 M atropine. Solutions of ACh were prepared by directly dissolving in SOS immediately prior to the experiment. DMSO at a concentration lower than 0.5% (v/v) had no effect on the response. Oocytes were challenged with a test compound at 3-5 min intervals to minimize receptor desensitization.
The peak amplitude of each response was normalized to the response to 100 M ACh. Normalized data were fitted to the Hill equation using GraphPad Prism (GraphPad Software, CA, USA) as reported previously 9) to determine I max , the maximum normalized response, EC 50 , the concentration (M) giving half the maximum normalized response and the Hill coefficient n H . I max and pEC 50 values represent the efficacy and affinity for the receptor, respectively. IMI, CH-IMI, TH-IMI and TH-CH-IMI (Fig. 1, a) were synthesized de novo as reported elsewhere, 10) whereas CTD, CH-CTD, P-CTD and P-CH-CTD (Fig. 1, a) were supplied by Sumitomo Chemical Takeda Agro Company. ACh and atropine were obtained from Sigma-Aldrich Japan (Tokyo, Japan).
All compounds tested in this study activated the SAD2 hybrid nAChR in a concentration-dependent manner (Fig. 1, c-i and c-ii) . The n H values between 1.0 and 2.0 (Table 1) for the neonicotinoids were not significantly different from the values for ACh, suggesting that, as is the case for ACh, there are also two binding sites for the synthetic compounds in the SAD2 nAChR tested.
Contrasting with the I max value for IMI (0:54 AE 0:02, meanAEstandard error of mean (SEM)), which is smaller than that for ACh, the maximum response to CTD (I max = 1:81 AE 0:11, n = 4) was approximately twice that to ACh (Fig. 1 b, c-i , and c-ii; Table 1 ). To our knowledge, such a super agonist action has not so far been reported, 1 The values shown (meanAESEM, n = 4-6) were calculated using the concentration-response data illustrated in Fig. 1 . 2 See earlier footnotes for abbreviations. 3 The maximum currents are shown as the ratio of the maximum response to each compound to that induced by 100 M ACh. 4 New data for the three key control compounds are in good agreement with values published earlier for ACh, 5) IMI 6) and CH-IMI 7) on the same nicotinic receptor.
regardless of the agonist species or whether nAChRs are native or recombinant, apart from the case of the agonist action of IMI on the Q79R mutant of the 7 nAChR expressed in Xenopus oocytes.
11)
The structure of CTD consists of 5-thiazolylmethyl, nitro, imine and the remaining moieties (two nitrogens and one methyl group). The nitro group is seen in all compounds tested, thereby excluding this moiety from the structural factors that caused the unusual action of CTD. Also, the C=N double bond in the nitroguanidine moiety is unable to account for the high efficacy of CTD, because the presence of this bond did not increase but rather reduced the efficacy as well as the affinity in the actions of agonists on the SAD2 nAChR (Fig. 1, c-i and c-ii; Table 1 ).
Of the compounds tested, those with the imidazolidine ring (IMI, CH-IMI, TH-IMI, and TH-CH-IMI) had either lower or similar efficacy to that of ACh (Fig. 1 , c-i, c-ii), whereas the CTD analogues (P-CTD, P-CH-CTD, and CH-CTD) lacking the imidazolidine ring induced, like CTD, a maximum response greater than that generated by ACh. Therefore, ring breakage of the imidazolidine group of IMI is crucial for this atypical efficacy. However, this structural factor alone is insufficient to account for the super agonist action, because nitenpyram, with no imidazolidine ring, has been found to act as a partial agonist on the SAD2 nAChR. 9) In addition, the role of an aromatic ring in the super agonist action cannot be understated, because dinotefuran, a neonicotinoid containing a tetrahydrofuran ring, was not a super agonist, but instead was a full agonist of the SAD2 receptor (I max value = 1.04 12) ). We have for the first time found that opening the imidazolidine ring of IMI led to the efficacy of CTD higher than that of ACh or IMI on the SAD2 hybrid nAChR expressed in Xenopus oocytes. The super agonist actions of CTD and related ligands seen in this study may account for the more potent action of CTD than that of IMI on a wide range of insect pests. It will be of interest to investigate further the mechanism underlying such super agonist actions of the neonicotinoids. Also, whether or not such unusual agonist action can generally be found in other nAChRs including native nAChRs on insect neurons remains to be fully determined. Nevertheless, it is of interest that a relatively minor change in structure has resulted in a striking change in the action of a neonicotinoid compound.
